The effects of gas phase 02 concentration (1%, 20.5%, and 42.0%, v/v) on the quantum yield of net CO2 fixation and fluorescence yield of chlorophyll a are examined in leaf tissue from Nicotiana tabacum at normal levels of CO2 and 25 to 30°C.
thesis. Photochemical quenching was increased by high 02 levels only at saturating irradiance. Simultaneous measurements of CO2 and H20 exchange and fluorescence yield permit estimation of partitioning of linear photosynthetic electron transport between net CO2 fixation and 02-dependent, dissipative processes such as photorespiration as a function of leaf intemal CO2 concentration. Changes in the in vivo C02:02 'specificity factor' (K.p) with increasing irradiance are examined. The magnitude K.p was found to decline from a value of 85 at moderate irradiance to 68 at very low light, and to 72 at saturating photon flux rates. The results are discussed in terms of the applicability of the ribulose bisphosphate carboxylase/oxygenase enzyme model to photosynthesis in vivo.
Many studies over the years have confirmed that atmospheric (i.e. 21% v/v) levels of 02 are inhibitory to photosynthesis in plants possessing the C3 pathway of C02 fixation when C02 is present at rate-limiting concentrations. The primary biochemical basis for 02 inhibition is the process of photorespiration during which glycolate-P is metabolized with consequent evolution of C02 inside the leaf (14, 22, 28) . Glycolate-P arises by oxygenation of RuBP' as catalyzed by Abbreviations: RuBP, ribulose bisphosphate; Rubisco, RuBP carboxylase/oxygenase; Fod, Fmax, initial and maximum fluorescence yields, respectively, for a fully dark-adapted leaf; F.', Fs, Fm', minimal, steady state, and maximum fluorescence yields, respectively, during continuous actinic illumination; F,', variable fluorescence (i.e. Fm' -F.'); qp, photochemical quenching coefficient; qN, nonphotochemical quenching coefficient; A, CO2 assimilation rate (,umol m-2s-'); C,, Cc, intercellular and chloroplast partial pressures of C02, respectively (gbar); O0, chloroplast partial pressure of 02 (mbar); I, incident photon flux rate (,gmol photons m2s'); 1c, V., maximal velocities of carboxylation and oxygenation, respectively; Kc, Ko, Michaelis constants for carboxylation and oxygenation, respectively; -t = A/I; qH20, gas phase (boundary plus stomatal) conductance to H20 vapor (jAmols m-2s-'); P, probability level; R, correlation coefficient (P < 0.01 ); Ksp, specificity factor. the enzyme Rubisco (17) . The individual enzyme activities are related to photorespiratory C02 release (PR) and gross C02 fixation (GPS) by t, the ratio of moles C02 produces per mole of glycolate-P metabolized (14 (1, 14) . Simultaneous determination of C02 exchange and PSII Chl a fluorescence yield at room temperature offers a new opportunity for assessment of the proportion of total linear electron transport expended for collective 02-dependent processes such as photorespiration and the Mehler reaction (21, 22) . Difficulties inherent in estimation of photorespiration have been discussed previously (22) . A recently developed modulation technique permits separation and quantitation of major fluorescence quenching processes during steady state C02 fixation (25) . Specifically, 'photochemical' quenching (expressed as the coefficient qp) is related to the redox state of QA, the first stable quinone electron acceptor in PSII (2, 24) . 'Nonphotochemical' quenching is dominated by reversible processes which regulate the extent of thermal dissipation of absorbed excitation in PSII (9, 13 (21) indicated that discrepancies between observed electron allocation and that predicted by the Rubisco model occurred at saturating irradiance. This could indicate enhanced Mehler reaction activity (19) or a change in the proportion of glycolate-P carbon converted to CO2 at very high light intensity. The dependence of Kp on irradiance is examined in greater detail in this study.
MATERIALS AND METHODS
Nicotiana tabacum var Havana seed was grown in a greenhouse as described previously (21) . For each experiment a leaf was removed at 0730 (EST), washed with hand soap, and rinsed with distilled H20. Leaf discs were prepared and CO2 and H20 exchange measurements were conducted using an open, flow-through system using a gas flow rate of 2.0 L min-' (23 (16) . The value of qco2 differs from that of qH20 over the same diffusion pathway due to differences in diffusivity between the two gases. As described previously (16), the H20:CO2 conductance ratio across the stomatal barrier is 1.61 were computed using tabular data on the respective solubilities of these gases in H20 at the leaf temperatures (±0.05°C) employed (7) .
Changes in Chl fluorescence yield were monitored using a weak modulated measuring beam of red light (H. Walz, Effeltrich, FRG). The procedures employed are described in detail in (23 Fo') and (Fmax-Fm')/(Fmax -Fo'), respectively (25) . The F, and Fm' fluorescence yields were recorded at a measuring beam modulation frequency of 100 kHz. All other measurements were performed at a modulation frequency of 1.6 kHz. Figure 1 shows mean rates of net assimilation of CO2 for the combined data obtained in the experiments performed at 250 and 30°C. Three-way ANOVA indicated that the main effects of irradiance and [02] were highly significant (P < 0.001). Neither the main effect of temperature nor the temperature x [02] interaction were significant (P > 0.1). The increase in CO2 assimilation with irradiance was accompanied by an increase in the total gas phase conductance to H20 (not shown). Mean values of qH2o increased from 132 mmol H20 m-2 s-(SD = 52) at the lowest irradiance level to 545 mmol H20 m-2s-' (SD = 110) at the highest. Three-way ANOVA showed that, as with A, the main effects of irradiance and [02] were highly significant (P < 0.001). When averaged across all irradiance levels and both temperatures, qH2o declined from 384 to 304 and 284 mmol H20 m-2s-' at 1.6, 20.5, and 42.0% 02, respectively.
RESULTS
Effects of irradiance on fluorescence quenching parameters are shown in Figure 2 . Only the effect of irradiance was significant (P < 0.05) in accounting for overall variation in photochemical quenching (qp; Fig. 2 Table I ). Bottom assuming that photorespiratory CO2 is released exclusively during the conversion of glycine to serine in the mitochondrion (l1). As defined previously, Pdiss = (J -4A)/J. The predicted Pdi,, (Table I and Fig. 4 , top) may thus be expressed in terms of the Rubisco kinetic constants (10) 
Changes in mean K, with irradiance for the data of Figure 4 are shown in Figure 5 . Plant Physiol. Vol. 94, 1990 DISCUSSION A potentially important practical application of room temperature fluorescence yield measurements is to provide a rapid, noninvasive, and economical means of assessing photosynthetic efficiency in response to varying environmental conditions. The occurrence ofa simple linear, albeit empirical, relationship between cI, and the product qp x Fv'/Fm' (Fig.   3) provides support for the feasibility of the method. It should be pointed out, however, that radiant energy utilization in PSII is likely to be influenced by numerous factors including QA redox state, ApH-dependent thermal dissipation, photoinhibition, PSII antennae size, PSII electron cycling, and occurrence of inactive units. Therefore, one should not assume without verification that the same simple relationship between photochemical and fluorescence yields is valid for all physiological conditions including the occurrence of stress. Ultimate validation of the use of fluorescence measurements to predict linear electron transport rates must await a clearer understanding of mechanisms which regulate energy partitioning and fluorescence emission in PSII.
Photorespiration is undoubtedly the dominant O2-dependent process competing with net CO2 fixation for photosynthetically generated NADPH and ATP in C3 leaves such as tobacco at normal CO2 levels. (29) . The quantitative significance of these latter processes relative to photorespiration resulting from Rubisco activity is not known, however. The foregoing discussion and the results of Figure 5 are based on the premise that photorespiratory CO2 arises only during the glycine --seine conversion so that t = 0.5 (11) . This may not always be true. Oxidative decarboxylation of aketoacids by H202 produced during photorespiration has been frequently suggested to contribute to CO2 evolution (6, 22, 28) . Formate and CO2 are produced by reaction of hydrogen peroxide with glyoxylate. Formate dehydrogenase is normally present at low levels in leaf tissue (20) so that the probable fate of any formate synthesized is entry into the C, pool following ATP-dependent activation by formyltetrahydrofolate synthetase (27 
Clearly, if t were underestimated at any irradiance of Figure   5 then 
4).
A great deal of evidence has accumulated recently for controlled dissipation of excess absorbed excitation in PSII (4, 9, 23) . This is to match rates of generation of ATP and NADPH by the light reactions to the capacity of the dark reactions to utilize these substrates while avoiding potentially damaging overexcitation of PSII (8) . Krause et al. (12) suggested that interaction of 02 with carbon metabolism in the plant cell constitutes a photochemical means of dissipating excess absorbed light. The results presented here indicate that 02-dependent photochemical dissipation of energy is augmented at very high irradiance and this may involve a modification in the mechanism of photorespiration. Enhanced photorespiratory energy dissipation may become important when other protective processes such as thermal dissipation of excitation in the antennae pigment complex reach saturation. Further work on interactive effects of irradiance, [CO2] , and CO2 assimilation capacity should enable critical testing of this hypothesis.
